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1.  INTRODUCTION 

The  purposes  of  this  research  are  (i)  to  develop  spectroscopic  methods  for  studying 
chemical  reactions  in  condensed  materials  as  they  are  dynamically  compressed  by  shock  waves, 
and  (ii)  to  apply  these  methods  to  the  study  of  interesting  materials.  The  methods  developed 
involve  absorption  and  reflection  spectroscopy  in  the  visible  and  near  UV  for  samples  which  ring 
up  to  an  arbitrarily  chosen  pressure  by  a  succession  of  shock  waves.  Details  of  the  experiments 
have  been  described  in  previous  annual  reports  and  in  Ref.  ;*  the  scheme  of  the  experiments 
is  indicated  in  Figs.  1-4. 

Figure  1  shows  the  layout  of  the  50  foot  long  gas  gun  which  accelerates  a  one  kilogram 
projectile  to  the  velocity  necessary  to  produce  the  desired  pressure.  The  breech  containing  high 
pressure  gas  is  at  the  left  The  target  chamber  is  at  the  right,  and  the  sample  is  mounted  in  a 
target  holder  at  the  end  of  the  barrel.  The  projectile  and  target  are  shown  in  the  sketches  of  Fig. 

2.  The  four*inch  diameter  projectile  has,  mounted  on  its  face,  a  slotted  aluminum  cylinder  which 
supports  a  one-inch  diameter  sapphire  impactor.  At  the  base  of  the  cylinder,  and  inside  it,  is  a 
front-surfaced  mirror  mounted  at  an  angle  of  45*  to  the  projectile  axis.  At  the  moment  of  impact 
of  the  cylinder  and  target  the  Xe  flash  lamp  mounted  in  the  target  is  directly  opposite  the  slotted 
cylinder.  Light  from  the  lamp  falls  on  the  45*  mirror  and  is  directed  through  the  impactor, 
through  the  cell  contained  in  the  target,  and  hence  to  a  spectrograph  and  streak  camera.  The  cell 
consists  of  a  thin  layer  of  liquid  encased  in  a  cylindrical  brass  shell  and  bounded  front  and  back 
by  sapphire  disks,  as  shown  on  the  right  side  of  the  figure.  The  target  holder  is  adjusted  before 
the  experiment  so  that  the  tilt  between  the  plane  faces  of  impactor  and  cell  is  less  than  0.5 
milliradians. 

The  impact  between  impactor  and  the  front  face  of  the  cell  produces  shock  waves  which 
run  forward  into  the  front  cell  piece  and  backward  into  the  impactor.  The  forward-running  wave 

*  lUftrtncts  tin  liittd  at  tha  and  of  Saction  V. 


induces  a  shock  wave  of  pressure  less  than  the  impact  pressure  when  it  reaches  the  liquid  sample. 
There  follows  a  series  of  reverberations  in  the  liquid  layer  between  front  and  back  sapphire 
disks.  These  eventually  bring  the  pressure  in  the  sample  up  to  the  impact  value.  The  pressure 
buildup  in  a  100  micron  thick  sample  of  carbon  disulfide  is  shown  in  Fig.  3.  It  is  calculated  from 
the  shock  wave  jump  conditions,  an  elastic  equation  of  state  for  sapphire,  and  an  equation  of 
state  for  carbon  disulfide  developed  by  S.A.  Sheffield.’  The  accuracy  of  this  calculation  has  been 
confirmed  this  year  in  a  series  of  experiments  described  in  reference  4.  Experiments  in  this 
configuration  are  limited  to  less  than  approximately  130  kbars  because  sapphire  begins  to  lose 
transparency  at  that  pressure. 

Most  of  the  work  done  during  the  course  of  this  contract  has  been  on  liquid  CS2.  The  past 
year  has  been  devoted  principally  to  exploration  on  other  liquids,  and  these  are  best  understood 
with  €$2  results  as  reference. 

The  absorption  spectrum  of  a  160  micron  layer  of  CS2  obtained  with  a  spectrometer  is 
shown  in  Fig.  4a.  The  position  of  the  3S00  A  absorption  edge  shown  in  the  figure  varies  with 
pressure  and  temperature.  In  the  experiments  reported  here  the  spectrum  of  CS2  as  it  is  shocked 
is  recorded  on  film  by  means  of  spectrograph  and  streak  camera,  and  variations  of  the  band  edge 
are  correlated  with  time,  pressure  and  temperature.  The  records  consist  of  photographic  films  in 
which  film  density  varies  with  wave  length  and  time  while  pressure  changes.  A  copy  of  one  of 
the  records  is  shown  in  Fig.  4b.  Time  in  this  figure  increases  vertically  upward  and  wavelength 
increases  horizontally  from  right  to  left.  The  band  edge  of  interest  is  shown  on  the  right  at 
approximately  3600  A  before  the  shock  reaches  the  sample.  The  flash  lamp  is  turned  on  at  the 
bottom  of  the  figure,  and  its  intensity  builds  up  during  time  before  impact.  Impact  occurs  at  time 
zero  on  the  figure,  and  approximately  280  nsec  later  the  shock  wave  enters  the  CS2  sample. 
When  it  does  so,  the  band  edge  takes  a  step  to  the  left  by  an  amount  approximately  proportional 
to  the  pressure.  As  pressure  in  the  cell  rings  up  to  its  final  value  (as  in  Fig.  3),  the  band  %dge 
steps  to  the  left  at  each  shock  reflection.  Pressure  has  nearly  reached  its  final  value  when  the 
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band  edge  is  at  SSOO  A ,  indicated  by  the  dark  vertical  line  through  the  figure.  Pressure  remains 
constant  during  the  next  250  nsec  while  the  band  edge  shifts  farther  then  returns  to  a  more  or 
less  constant  value.  At  the  end  of  this  period  a  reflected  rarefaction  from  the  back  face  of  the 
cell  reaches  the  CS2  and  produces  a  rapid  decrease  in  pressure.  This  is  accompanied  by  a 
reversal  of  the  band  edge  shift  Pressure  rings  down,  but  has  not  yet  returned  to  zero  when  the 
experiment  is  terminated  by  fracture  of  flash  lamp  or  sapphire. 

By  comparing  calculated  curves  of  pressure  vs.  time,  as  in  Fig.  3,  with  measured  values  of 
band  edge  position  from  records  like  that  of  Fig.  4b,  it  is  possible  to  construct  the  curve  shown  in 
Fig.  S.  The  ordinate  in  this  figure  represents  the  shift  of  wave  length  in  Angstroms  produced  by 
a  given  pressure,  plotted  as  abscissa  in  the  figure.  The  points  shown  are  measured  and  represent 
five  different  experiments  with  different  impact  pressures  and  different  sample  thicknesses.  This 
type  of  loading  will  be  denoted  ”SWL"  or  "Step  Wise  Loading*.  It  refers  to  "thick  cell* 
experiments,  thickness  being  in  the  range  100  to  300  microns.  The  curve  shown'  represents  a 
least  squares  fit  to  the  points: 


AA(A)  -  26.79p  -  0.2588;?’  +  0.002 16p’  (1) 

with  p  in  kilobars.  It  represents  the  measurements  quite  well,  as  can  be  seen  from  the  figure. 
Some  of  the  differences  between  measured  and  fitted  values  may  be  due  to  variations  in  impact 
pressure.  Equation  (1)  should  not  be  used  for  p  greater  than  89  kilobars  because  the  nature  of 
the  reaction  process  changes  at  that  pressure. 
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n.  SUMMARY  OF  OBSERVATIONS  IN  CS2 
A.  Reversible  and  Irreversible  Reactions 

When  impact  pressure  is  less  than  89  kilobars,  the  reaction  represented  by  band  edge  shift 
appears  to  be  completely  reversible.  This  is  suggested  by  Fig.  4b  and  confirmed  in  other 
experiments  in  which  pressure  falls  to  zero  before  the  experiment  is  terminated.  There  is  a 
residual  displacement  of  the  band  edge  at  zero  pressure,  but  it  appears  to  have  a  magnitude  to  be 
expected  from  residual  temperature  which  exists  because  of  the  dissipative  character  of  shock 
compression.  When  impact  pressure  exceeds  89  kilobars,  the  band  edge  continues  to  shift  toward 
the  red  after  pressure  has  become  essentially  constant  The  rate  of  shift  increases  monotonically 
with  overpressure  above  89  kilobars,  and  the  band  edge  eventually  goes  off  scale  at  about  700oA. 
If  pressure  is  released  before  the  band  edge  goes  off  scale,  the  edge  returns  toward  the  blue.  It*s 
final  position  lies  above  3500  A  by  an  amount  which  appears  to  be  a  measure  of  progress  of  the 
irreversible  reaction. 

These  remarks  apply  to  the  time  scale  of  these  experiments.  The  results  of  static 
measurements  performed  by  Agnew  and  Swanson  at  Los  Alamos  show  that  the  static  threshold 
for  irreversible  reaction  is  considerably  lower  than  that  which  we  report^  This  implies  that 
reaction  in  our  experiments  is  proceeding  from  a  metastable  state,  and  that  reaction  paths  may, 
therefore,  differ  from  those  recorded  in  quasi-static  experiments. 

B.  Pressure  and  Temperature  Effects 

By  heating  or  cooling  the  sample  before  it  is  shocked  it  is  possible  to  vary  the  AA  vs  P 
curve  shown  in  Fig.  5.  From  such  measurements  it  is  possible  to  separate  the  effects  of  pressure 
and  temperature.  The  results  of  these  experiments  can  be  accurately  expressed  by  the  following 
relation  among  band  edge  position  (A),  pressure  (P),  and  temperature  (T): 


(2) 
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3550  .379  7.47  x  10"* 

12.15  .0492  -4.38  X  lO"® 

-.132  -5.11  x  10-*  5.58x  10-^ 
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and  is  in  kilobars. 

The  range  of  validity  of  this  expression  is: 

0  <  A>  <  50** 

200  <  r  <  700"*: 


Within  this  range  it  represents  measurements  with  an  error  less  than  1%.  This  equation  also 
encompasses  the  static  measurements  at  room  temperature  reported  by  Agnew  and  Swanson  (op 
cit.). 


C.  Dilution 


When  diluted  in  hexane  or  ethanol,  the  band  edge  shift  is  well  represented  at  50  kbars,  for 
moderate  dilution,  by  the  straight  line 

-  200  -t-  800x 

where  x  is  volume  fraction  of  CS2,  x  >  0.1.  When  the  CS2  fraction  is  less  than  10%,  the  curve 
turns  downward  rapidly  and  AX  appears  to  vanish  at  infinite  dilution. 

D.  Reflection 

Reflected  spectra  show  that  CS2  under  the  loading  described  here  behaves  like  a  poorly 
conducting  metal  at  wavelengths  shorter  than  that  of  the  band  edge.  At  longer  wavelengths  it  is 
transparent,  at  least  in  the  region  of  reversible  reaction. 


E.  Conclusions 


Band  edge  shift  in  the  UV  and  visible  is  a  ”good”  parameter  for  monitoring  reactions, 
applying  equally  well  to  single  shock,  multiple  shock,  and  isentropic  experiments  in  liquids. 

The  observed  reactions  are  multimolecular  and  do  not  occur  at  infinite  dilution. 

The  extensive  observations  on  CS2  are  commensurate  with  a  process  wherein  rapid 
compression  produces,  reversibly,  platelets  of  an  electrically  conducting  substance  which  are  a 
few  microns  in  diameter  and  a  few  tenths  of  a  micron  thick. 

There  are  at  least  three  identifiable  reaction  stages  in  CS2:  the  reversible  stage  described 
above,  a  second  reversible  stage  in  the  pressure  range  89*91  kilobars  which  absorbs  weakly  at 
wavelengths  longer  than  SSOO  Angstroms;  and  a  third  stage  which  is  irreversible  and  which 
progresses  at  a  rate  which  increases  rapidly  with  pressure  at  pressures  above  the  89  kilobar 
critical  pressure. 

III.  OBSERVATIONS  ON  OTHER  LIQUIDS 

The  principal  reasons  for  diversion  of  research  effort  from  CS2  to  other  liquids  during  this 
past  year  have  been  to  determine  whether  or  not  the  spectral  changes  observed  in  CS2  are  unique 
to  that  material  and  to  provide  some  guidance  to  other  compounds  which  may  also  undergo 
major  changes  as  a  result  of  stepwise  shock  loading.  A  secondary  objective  has  been  to  attempt 
to  choose  materials  whose  response  to  SWL  may  provide  some  clue  to  the  microscopic  chemical 
processes  which  are  occurring  during  SWL.  Compounds  examined  have  been  almost  exclusively 
organic.  Stable  and  metastable  compounds  have  been  included.  Materials  and  results  are 
summarized  in  Table  I. 

It  has  been  suggested  by  Yakusheva,  Yakushev  and  Dremin^  that  shock-induced  chemical 
reactions  occur  more  readily  in  unsaturated  than  in  saturated  carbon  compounds,  and  that  the 


reaction  is  pyrolysis,  with  free  carbon  and  saturated  carbon  compounds  as  products.  More 
recently  M.  Nicof  has  proposed  that  the  process  is  not  pyrolysis,  but  polymerization.  He 
supports  this  suggestion  by  pointing  to  the  observed  polymerization  of  benzene  under  static 
pressures  of  the  order  of  100  kilobars. 

It  was  largely  because  of  the  earlier  Russian  work,  Nicol's  suggestion,  and  the  fact  that  CS2 
itself  contains  2  double  carbon  bonds  that  the  strong  emphasis  displayed  in  Table  I  was  placed 
on  carbon  compounds.  Materials  are  grouped  according  to  the  number  of  carbon  double  bonds, 
and  some  experiments  were  done  on  benzene  and  benzene  derivatives. 

Inorganic  materials  were  limited  to  CS2,  water  and  HI. 

In  the  copies  of  spectrograms  shown  in  Figs.  6-14,  time  runs  from  left  to  right  and 
wavelength  increases  upward. 

The  entries  in  Table  I  are,  column  by  column: 

1.  The  number  of  the  figure  which  contains  a  copy  of  the  time  resolved  spectrogram. 

2.  Shot  number. 

3.  Sample  material. 

4.  Sample  thickness  in  microns. 

5.  Impact  pressure  in  kilobars. 

6.  Statement  of  pressure  reversal.  This  is  achieved  by  using  a  thin  sapphire  back  piece  to  the 
cell  and  allowing  the  rarefaction  from  its  free  surface  to  return  to  quench  the  sample. 

7.  The  expected  red  edge  of  the  uppermost  absorption  band  in  the  UV  and  visible  under 
ambient  conditions.  This  is  taken  from  spectral  tables  as  the  wavelength  at  which 
transmission  is  reduced  20%  for  the  most  concentrated  sample.  No  entry  implies  that  values 
were  not  readily  available. 


i.  This  is  the  apparent  band  edge  before  impact  shown  in  the  spectrograms.  When  A,,  >  >  A., 
the  apparent  cut  off  is  probably  due  to  the  optical  system. 

AA  is  the  amount  by  which  band  edge  is  shifted  toward  the  red  from  A,,  when  pressure  has 
rung  up  to  9S%  of  the  impact  value.  When  >  appears  before  the  number,  it  implies  that  the 
number  is  the  recorded  shift,  but  the  preshock  absorption  edge  was  off  scale  in  the  UV. 

10.  (AA/At)p:  Here  AA  is  the  shift  toward  the  red  which  occurs  after  impact  pressure  is 
reached  by  ring  up.  At  is  the  time  it  takes  for  this  shift  to  occur.  Their  ratio  is  assumed  to 
be  a  measure  of  the  irreversible  reaction  rate  in  most  cases. 
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A.  Organic  Materials  Mlth  No  Double  Bonds 

These  are  arranged  in  two  subcategories.  The  first  comprises  foiu*  shots  with  nitroinethane 
to  which  ethyldiamine  (EDA)  has  been  added.  Earlier  experiments  with  pure  nitromethane 
showed  small  band  edge  shifts,  but  no  indication  of  irreversible  reaction,  even  at  130  kilobars 
with  initial  temperature  increased  to  125*C.  Addition  of  EDA  changes  the  situation  dramatically, 
as  can  be  seen  from  the  table  and  in  Fig.  6.  Even  at  6S  kilobars  there  is  a  substantial  reaction 
rate  after  calculated  pressure  has  reached  its  terminal  value.  i.e.  (AA/At)p  n  l.l  A/nsec,  as  shown 
in  the  last  column  of  the  Table. 

The  second  experiment,  85-026,  was  constructed  so  that  pressure  release  occurred  after 
calculated  pressure  was  constant  Here  there  is  an  increased  reaction  rate  (2.6  A/nsec ),  and  a 
partial  reversal  of  the  shift  when  pressure  is  relieved.  When  this  is  compared  with  shot  85-022 
(Fig.  8)  it)  which  complete  reversal  of  the  band  edge  in  styrene  is  seen,  it  is  apparent  that  at  least 
part  of  the  nitromethane  has  reacted  irreversibly.  The  appearance  of  a  new  absorption  band  in 
the  visible  at  the  time  when  maximum  band  edge  displacement  occurs  tends  to  confirm  this.  This 
new  absorption  band  is  in  a  wave  length  region  near  that  expected  for  NO2,  but  displaced 
somewhat.  Note  that  it  is  shifted  downward  toward  the  blue  as  pressure  is  released. 

Shots  no.  85-004  and  85-002  in  this  set  show  complete  reaction  at  increasing  rates  as  impact 
pressure  increases.  At  133  kilobars  the  reaction  rate  is  greater  than  can  be  resolved  with  this 
system. 


The  next  subcategory  in  A,  Fig.  7,  contains  two  solvents,  CCl^  and  ethanol,  for  which  no 
shift  is  recorded,  acetone,  and  ethyl  iodide.  The  shift  for  acetone  is  negligible;  that  for  ethyl 
iodide  is  appreciable  and  suggests  that  irreversible  reaction  might  be  initiated  at  moderately  high 
pressures. 
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B.  Organics  With  One  Double  Bond 

The  first  five  experiments  are  with  styrene  arranged  according  to  pressure.  Records  of  the 
first  four  are  shown  in  Fig.  8.  The  first  two  are  pressure  reversal  shots.  At  58  kilobars  the 
residual  displacement  after  pressure  reversal  is  so  small  that  one  concludes  that  a)  there  has  been 
no  irreversible  reaction,  and  b)  the  temperature  coelficient  of  band  edge  displacement  is 
practically  nil.  The  first  point  is  interesting  because  the  record  shows  that  edge  shift  continues 
after  pressure  has  rung  up,  suggesting  that  we  are  seeing  a  two  stage  reaction,  both  reversible. 
This  same  effect  is  seen  in  all  of  the  styrene  shots,  and  the  rate  increases  as  pressure  increases, 
except  for  85-014.  The  last  appears  to  be  anomalous  and  the  pressure  region  above  100  kilobars 
should  be  investigated  further. 

Shot  no.  85-021  is  similar  to  85-022,  but  pressure  is  greater  and  band  edge  does  not  return 
to  near  zero  on  pressure  reversal.  This  is  attributed  to  a  partial  irreversible  reaction.  Shot  no. 
85-017  also  had  a  pressure  reversal  It’s  record  is  faint,  but  it  suggests  that  some  recovery  of  the 
band  edge  may  have  occurred.  Shot  no.  85-014  is  not  shown  in  the  figures.  The  record  is  similar 
to  85-017  with  smaller  (AA/At)p.  It  is  conceivable  that  a  different  reaction  is  occurring. 

Fig.  9  shows  records  for  dichloroethylene,  hexene,  and  acrylonitrile.  The  first  shows  a 
small  band  edge  shift,  and  a  much  larger  one  has  occurred  if  A„  is  far  below  the  detection  limits 
of  the  system.  It  is  to  be  noted,  however,  that  there  is  no  indication  of  continuing  reaction  in  the 
constant  pressure  region.  Hexene  shows  no  shift,  but  its  normal  band  edge  is  off  the  record.  It  is 
apparent,  however,  that  no  major  reaction  has  occurred.  The  shock  chemistry  of  acrylonitrile  has 
been  thoroughly  studied  by  Yakushev,  Nabatov  and  Yakusheva.'  Using  color  film  in  a  streak 
camera,  they  noted  increased  absorption  in  the  blue  between  50  and  70  kilobars  and  complete 
loss  of  transparency  above  70  kilobars.  The  record  shown  in  Fig.  9  provides  a  quantitative 


record  of  the  effects  they  report  They  suggest  that  pyrolysis  is  occurring  according  to  the 
formula: 

CHj  -  CH  -  CN  -  3C  +  NH3 

but  a  lengthy  study  would  be  required  to  confirm  or  negate  this  suggestion. 

C  Organics  With  Two  Doubie  Bonds  (Hexadiene) 

The  first  experiment  no.  85*030  with  the  1,5  isomer,  shows  no  effect  at  101  kilobars.  The 
second,  at  129  kilobars,  also  with  1,5,  shows  a  peculiar  momentary  loss  of  transparency  across  the 
entire  spectrum  It  is  reminiscent  of  observations  on  water  (Fig.  14),  where  the  possibility  of  a 
phase  transition  is  suggested.  As  of  this  writing  I  place  little  credence  in  the  record.  It  should 
not  be  ignored,  neither  should  it  be  accepted  without  further  study. 

The  2,4  isomer,  shot  no.  85*031,  is  dramatically  different  from  the  1,5.  There  is  a  large  shift 
in  the  band  edge,  and  an  oscillation  of  the  edge  after  ringup  to  130  kilobars.  This  is  an  intriguing 
record  and  the  material  is  a  good  candidate  for  further  study.  Note  also  that  there  is  a  loss  of 
transparency  all  across  the  record  after  ring  up  pressure  is  reached.  This  is  conceivably  an 
artifact,  and  it  requires  further  study.  It  is  also  conceivable  that  it  may  be  related  to  the  electrical 
oscillations  in  CS2  reported  by  Sheflleld*. 

D.  Organics  with  One  Triple  Bond 

Category  D  contains  only  one  member,  2*butyne  with  one  triple  carbon  bond.  The  record  is 
shown  in  Fig.  11.  No  spectral  change  is  observed. 


E.  Benzene  and  Derivatives 


Category  E,  Fig  12.,  shows  records  from  two  experiments  with  benzene  and  one  with 
nitrobenzene.  Shot  no.  84-0S3  shows  benzene  to  be  reversible  at  1 12  kilobars  with  no  continuing 
reaction  at  constant  pressure.  Shot  no.  8*4-052  at  higher  pressure  shows  a  larger  shift  and  a 
possible  beginning  of  constant  pressure  reaction,  but  the  record  terminates  anomalously,  possibly 
due  to  sapphire  failure.  Record  no.  85-003  for  nitrobenzene  shows  a  much  larger  shift,  loss  of 
transparency  above  the  bdM  edge,  and  no  motion  of  the  band  edge  at  constant  pressure.  This 
record  has  an  unexplained  anomaly.  The  band  edge  before  shocking  is  at  39S5A  instead  of 
270oX  ;  the  test  flash  shows  the  same  effect  One  possibility  is  that  the  flash  lamp  was 
inadvertently  made  with  soft  glass  instead  of  quartz.  Further  experimentation  will  be  required  to 
determine  the  true  situation. 

F.  Inorganics 

The  first  group  consists  of  four  experiments  with  carbon  disulfide.  Fig.  13.  The  first  two, 
nos.  84-049  and  84-05 1  are  pressure  reversal  shots  with  impact  pressure  above  the  irreversibility 
threshold  of  89  kilobars.  The  first  of  these,  84-049  at  90  kilobars  shows  that  the  band  edge  is 
recovered  after  some  irreversible  reaction  has  taken  place,  but  its  final  position  is  well  above  that 
which  exists  when  no  reversible  reaction  occurs.  The  second,  no.  84-051  at  94  kilobars,  shows 
that  the  reaction  has  progressed  to  a  point  where  the  band  edge  is  not  recovered  by  reversal  of 
pressure. 

Shot  no.  84-050  was  made  in  an  attempt  to  fill  in  the  dilution  curve  for  small  concentrations. 
The  record  is  faint  and  the  band  edge  shift  somewhat  uncertain,  but  the  result  is  in  reasonable 
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Shot  no.  85-034  was  a  thin  cell  experiment  done  to  verify  the  cooling  effect  which  has  been 
inferred  from  earlier  experiments.  It  conflrms  the  observation  that  compression  of  a  very  thin 
CS2  sample  between  two  sapphire  plates  is  very  nearly  isothermal 

The  second  group  of  inorganics  consists  of  two  water  shots  and  one  with  hydrogen  iodide. 
Fig.  14.  The  two  water  shots  were  made  with  slightly  different  geometries  to  eliminate  the 
possibility  that  the  loss  of  transmission  across  the  entire  spectrum  was  due  to  reflection  from  a 
sapphire  interface.  There  remains  some  doubt  about  the  validity  of  the  observed  opacity  because 
of  a  discrepancy  between  the  two  records.  Shot  no.  84-040  has  the  transparency  gap  occurring  at 
pressures  between  107  and  113  kilobars.  Shot  no.  84-048  gives  96  to  107  kbars.  As  for  the 
hexadiene  shot  noted  above,  the  effect  should  be  noted  for  further  study,  but  not  accepted 
absolutely  at  this  stage. 

The  HI  shot,  also  shown  in  Fig.  14,  is  dramatically  unexpected.  The  first  shock,  with 
amplitude  of  approximately  12  kilobars,  moves  the  absorption  edge  up  about  300 A  and  produces 
some  loss  of  transparency  up  to  about  5000A ,  as  would  be  expected  from  dissociation  and 
absorption  by  iodine.  The  second  shock,  which  brings  the  total  pressure  to  about  35  kilobars, 
produces  immediate  and  total  opacity.  It  seems  unlikely  that  either  bubbles  or  particulate  matter 
could  form  in  this  short  time;  but  if  the  record  represents  the  true  state  of  the  sample,  dramatic 
and  unexpected  changes  of  state  are  surely  occurring.  It’s  interesting  to  note  that  the 
polymerizaton  of  a  sister  compound,  HF,  has  been  reported  from  the  vapor  phase. 


IV.  DISCUSSION 


There  is  a  certain  hazard  in  conducting  a  survey  of  the  kind  described  in  this  report  The 
experiments  are  very  difficult,  and  it  is  always  possible  that  the  observed  effect  in  a  single 
experiment  is  an  artifact  That  point  has  been  made  several  times  in  the  above  section,  and  the 
reader  should  take  it  very  seriously.  The  only  way  to  assure  that  the  effects  are  real  is  to 
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conduct  sets  of  experiments  in  which  parameters  are  varied  in  such  a  way  as  to  eliminate  or 
define  the  artifacts  carefully.  Having  said  this,  I  shall  also  say  that  we  now  have  had  a  great  deal 
of  experience  in  doing  these  kinds  of  experiments,  and  I  think  the  results  are  reliable,  with  the 
exceptions  noted  in  Section  III. 

Equations  of  state  (EOS)  remain  a  serious  problem.-  Experiments  have  shown  that  pressure 
calculations  in  CS2  are  very  accurate,  and  there  is  some  evidence  from  static  measurements  that 
calculated  temperatures  are  reasonable.  All  of  the  other  liquids  have  been  represented  by  Mie- 
Gruneisen  equations  of  state  using  the  Woolfolk,  Cowperthwaite,  Shaw  "Universal  Liquid 
Hugoniot  P*V  Relation."’  Specific  heat  is  usually  obtained  from  a  parabolic  approximation  to 
the  Debye  function;  sometimes  it  is  taken  to  be  constant  Because  of  similarities  among  liquids  it 
is  unlikely  that  calculated  pressures  are  far  off.  Impact  pressures  depend  only  on  sapphire 
properties  and  impact  velocities,  so  they  are  well  known. 

For  many  purposes  the  uncertainty  in  equation  of  state  is  of  little  consequence.  In  other 
cases  it  is  critical,  as  when  comparing  the  pressures  at  which  opacity  occurred  in  water  shots  84> 


040  and  84-048.  Another  example  is  in  the  bilinear  relation  between  band  edge  wave  length  and 
presstire  in  nitromethane.  In  85-004  the  comer  is  at  approximately  80  kilobars;  in  85-028  it  is  at 
75  kilobars.  Given  the  present  state  of  knowledge  of  EOS,  one  should  assume  these  values  to  be 
the  same.  More  experiments  or  a  better  EOS  would  resolve  the  question. 

Two  serious  questions  involve  preshock  band  edge  positions  for  water  and  nitrobenzene. 
Herzberg  gives  a  value  of  190oA  for  band  edge  in  pure  water.”  Bohren  and  Huffman’^  show  a 
sharp  increase  in  absorption  below  about  2000A  Water  used  in  our  experiments  was  distilled, 
but  it  is  possible  that  contamination  occurred  from  interaction  with  cell  components.  If 
contamination  exists  to  the  extent  that  band  edge  is  raised  from  2000  to  320oX ,  the  transparency 
loss,  if  it  is  real,  may  be  related  to  contaminant  behavior. 


The  value  of  270oX  for  band  edge  of  nitrobenzene  was  taken  from  the  TRCHP  tables.”  The 
data  reported  there  are  for  a  very  dilute  sample.  Absorption  tails  off  very  slowly  with  increasing 
wave  length,  and  we  may  be  seeing  the  effect  of  going  from  a  very  dilute  sample  to  the  pure 
material 

Two  styrene  experiments,  85-009  and  tS-On  were  nearly  identical  in  impact  pressure  and 
cell  thickness.  They  differed  in  that  the  reaction  inhibitor  in  85-009  had  been  removed  by 
distillation;  85-017  contained  as-received  material.  AA  was  almost  the  same  for  both,  but 
(AA/At)p,  was  three  times  greater  for  as-received  than  for  the  distilled  sample.  The  difference  is 
evident  from  cursory  examination  of  the  records.  The  reason  for  it  is  not  evident 

In  looking  at  the  entire  series  of  organic  liquids  in  Table  I,  it  is  evident  that  the  existence  of 
unsaturated  carbon  does  not  dramatically  effect  shock-induced  reactions  in  the  pressure  range  we 
have  covered.  The  difference  between  1,5-  and  2,4-hexadiene  illustrates  this  well,  as  does  the 
failure  of  2-butyne  to  react  It  is  possible  that  major  differences  between  saturated  and 
unsaturated  carbon  compounds  will  appear  at  higher  pressures.  To  achieve  these  will  require 
considerable  effort  in  development  of  new  techniques  and  calibration  of  other  materials. 

Some  interesting  candidates  for  further  study  do  appear  from  this  survey.  My  choices  would 
be  variants  on  nitromethane,  including  methyl  nitrite,  ethyl  iodide,  styrene,  hexadiene, 
nitrobenzene,  water  and  hydrogen  iodide.  The  last-named  is  particularly  interesting.  It  is  one  of 
the  few  diatomics  which  can  be  readily  studied,  and  its  simplicity  makes  it  attractive  for 
theoretical  studies. 

The  last  column  in  Table  I  gives  (AA/At)  at  "constant  pressure”.  This  should  be  taken  with 
a  grain  of  salt  At  least  some  of  the  observed  reactions  will  be  exothermic.  To  the  extent  that 
they  are,  pressure  will  increase  as  heat  is  released,  so  pressure  may,  in  fact,  be  varying  a  great 
deal  during  this  phase  of  the  reaction  process.  Mechanical  measurements  to  determine  such 
effects  would  be  interesting  and  entirely  feasible. 
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SHOT  SUMMARY  10/1/84  -  9/30/8S 
L  Ortanie  Molteula 


Fi(.  Shot  No. 


Cell  ThkknMi 
(mierom) 


Preaun 

(Idloban) 


Pressure 

Reversal 

xj. 

AxX 

A.  No  Carbon  Dotible  Honda 


85-007 


85-026 


85-004 


85-002 


85-016 


85-008 


85-006 


85-023 


3354 


3300  3264 


3300  2900  >3100  >100 


3300  2900  >3200  >100 


ethanol 


carbon  tet 


acetone 


ethyl  iodide 


2450  I  2670 


2750  2700 


3100  3030 


3170 


B.  1  Carbon  Double  Bond 


85-022  I  Styrene 


C.  2  Carbon  Double  Bonds 


85-030  1,5  •  hexadiene 


85-041 


85-031  I  2,4  •  hexadiene 


2880  I  <530 


2970 


2775  670 


D.  Triple  Carbon  Bonds 


85-027 


E.  Bensene  DerivativM 


2695  I  411 


2693  525 


2700  3955  >870 


ee  (B) above 
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SHOT  SUMMARY  10/1/84  -  9/30/8S 

n.  Hotfame  hitUadu 


Fig. 

Shot  No. 

Liquid 

Ceil  Thiekneee 
(microna) 

Pranure 

(Idlobara) 

Preiiure 

Reveml 

VA 

aaA 

1 

(AA/AtJ, 

A/naec 

13 

84-049 

Carbon  diaulfida 

21 

90 

Yee 

m 

1900 

1 

3.6 

EEI 

84-OSl 

It  It 

26 

94 

Yea“ 

3500 

3440 

1800 

13 

13 

84-050 

5  vol  % 

CS2  in  Haxana 

307 

77 

No 

3500 

3355 

425' 

EEI 

85-034 

CS2  thin  ceil 

0.8 

55 

No 

3500 

-3205 

-1250 

_l 

EH 

84-040 

Water 

306 

125 

No 

1900 

_c 

0 

EOi 

84-048 

It  N 

310 

123 

No 

it 

It 

It 

■ 

EEI 

85-033 

Hydrogen  iodide 

161 

120 

No 

3600 

3475 

315-1600 

lee  text 

a.  Early  light  loss,  but  band  edge  reversal  is  indicated. 

b.  Cutoff  at  this  vravelength  is  apparently  due  to  impurities. 

c.  Total  extinction  between  about  90  and  1 10  kbars. 

d.  Impact  pressure  was  above  the  threshold  value  and  pressure  reversal  produces  partial 
reversal  of  the  band  edge  shift 

e.  Very  faint  record.  A  A  is  uncertain. 

f.  Abnormal  termination  of  record  -  probably  due  to  faulty  sapphire. 

g.  Band  edge  at  2809  A  after  pressure  reverted  to  zero. 

0 

h.  Band  edge  is  displaced  upward  approximately  13  A  after  pressure  returned  to  zero. 

i.  Band  edge  is  displaced  upward  approximately  240  A  after  pressure  returned  to  zero. 

j.  Odd  record,  see  text  and  Figure  10. 

k.  No  change  observed. 

l.  Heat  conduction  to  sapphire  causes  band  edge  to  move  down  to  ^  3770  A  within  30 
Aiseconds. 

m.  Immediate  reaction  produced  total  opacity. 

n.  Band  edge  postition  oscillated  after  impact  pressure  was  reached, 
p.  Inhibitor  was  removed  by  distillation. 


A  Note  on  the  Figures: 


The  time  scales  on  Figs.  6-14  are  all  approximately  the  same:  1  microsecond  is  approximately  equal  to 
1.75  times  the  sprocket  hole  period  on  the  vertical  side  of  each  photo.  Most  of  the  records  were 
made  with  a  150  line/mm  grating,  and  for  those  records  the  spectral  range  is  very  close  to  4090 
Angstroms  in  each  case.  Shots  No.  85-022  and  85-031  were  made  with  a  300  line  grating,  and  the 
spectral  range  between  sprocket  holes  is  approximately  2050  A .  Shot  No.  84-050  was  made  with  a 
600  line  grating  and  there  are  approximately  1030  A  between  sprocket  holes.  A  reference  wave 
length  can  be  obtained  using  the  value  of  given  in  the  Table. 


TIME,  NSEC 


Pressure  in  a  100  micron  thick  CS«  sample  between  sapphire 
plates  calculated  from  shock  jump^conditions  and  the  Sheffield!! 
equation  of  state  for  €$2. 


wavelength,  8 


4.  b)  Absorption  spectrum  of  a  0.32  tnm  layer  of  CS,  between 
two  sapphire  plates  shocked  to  77  kbar  ((82-006).  Time 
Increases  from  bottom  to  top.  Impact  occurs  at  t  *  0. 


OaHa  Laabd*/  Angairoas 


40  60 

f,  An« 


Fig.  5. 


80  100 


Shift  of  red  band  edge  due  to  stepwise  shock  loading.  Reference 
edge  Is  approximately  3550  fl.  Points  are  the  results  of  five  , 
experiments.  The  line  Is  M  ■  26.79p  -  0.2588p2  +  0.002162p'^ 
p  In  kbar,  AX  In  A.  Samples  were  at  room  temperature  before 
they  were  shocked. 


Fig.  8.  a)  styrene  (85-022) 


b)  styrene  (85-021) 


c)  styrene  (85-009) 


d)  styrene  (85-017) 


Fig.  1 3.  a)  carbon  disulfide  (84-049) 

c)  5  vol  %  CS2  in  Hexane  (84-050) 


b)  carbon  disulfide  (84-05 1 ) 
d)  CS2  thin  cell  (85-034) 


